We measured optical properties and ionic composition of the aerosol at Neumayer Station From the seasonality of the aerosol composition, we inferred a dominant contribution of sulfate aerosol regarding radiative forcing in the lower troposphere from December through January, while the impact of sea salt aerosol prevailed for the rest of the year at Neumayer.
Introduction
Investigations of optical properties of atmospheric particles and their relation to physical condition (liquid, solid), size distribution, number density, and chemical composition are crucial to understand and assess radiative forcing entailed by aerosol (e.g. Hatzianastassiou et al., [2004] ; McComiskey et al., [2008] ). Concerning marine aerosol, such kind of measurements have been frequently conducted e.g. within the Aerosol Characterization Experiments ACE-1, ACE-2, ACE-3, and the Indian Ocean Experiment (INDOEX) [Quinn et al., 1996 [Quinn et al., , 1998 [Quinn et al., , 2002 [Quinn et al., , and 2004 , but only rarely at high southern latitudes and Antarctica [Bodhaine et al., 1986; Bergin et al., 1998; Quinn et al., 1996] , which is the region least affected by civilization. Polar regions are characterized by high surface albedo and large solar zenith angles.
Especially here, a detailed knowledge of the physico-chemical properties of the aerosol and their seasonality is required to assess the role of aerosol in radiative forcing . Therefore one objective of our investigation was to document for the first time the seasonality of optical properties along with the chemical composition of boundary layer aerosol at coastal Antarctica. In addition, special emphasis was placed on determining mass scattering efficiencies of biogenic sulfate aerosol because marine phytoplankton is believed to be the major natural source for sulfuric acid particles and thus playing an important role in the Earth's energy balance [Andreae and Crutzen, 1997; Gondwe et al., 2003] .
Specific mass scattering efficiencies allow a direct and calculational easy conversion of aerosol mass to aerosol optical properties and are widely used in global circulation models assessing radiative forcing of a specific aerosol component [Kinne et al., 2006] . Notational, for each aerosol component j the mass scattering efficiency α j is defined by the partial derivative of the scattering coefficient σ j of that component ∂σ j /∂m j [Anderson et al., 1994] . In practice, specific mass scattering efficiencies were essentially derived from light scattering measurements of natural aerosol mixtures in combination with chemical analyses of simultaneously sampled Version 27.08.2008 aerosol [Quinn et al., 1996 [Quinn et al., , 1998 [Quinn et al., , 2002 [Quinn et al., , and 2004 Hand and Malm, 2007] . Usually the obtained scattering efficiencies refer to dry aerosol (relative humidity, RH, typically below 40%) and have to be adjusted to the corresponding ambient RH for appliance in climate models [McInnes et al., 1998 ]. Values for the sulfate scattering efficiency α sulfate determined so far in the remote marine troposphere are within a wide range between 1.5 and 7.7 m 2 g -1 [Hegg et al., 1993; Quinn et al., 1996 Quinn et al., , 1998 Quinn et al., , 2002 Quinn et al., , and 2004 . In all these previous assessments, the mass fraction of sulfate aerosol in the sub-micron range was typically well below 50% which may have hampered an unambiguous apportionment of the light scattering to sulfate aerosol [Hegg et al., 1993] . At Neumayer, however, the aerosol budget during austral summer is frequently dominated by biogenic non sea salt sulfate (nss-SO 4 2-) and methane sulfonic acid (MSA) aerosol [Minikin et al., 1998 ], allowing a more reliable apportionment of the light scattering to this portion of the aerosol. 1983-1987 and 1994 . Due to the stability of the free atmosphere above the boundary layer the typical height of the SBL, defined as the lowest altitude above ground where turbulent mixing ceased, ranged between 10 m and 50 m [Handorf, 1996] .
Measurement Techniques and Methodology
From January 2004 through December 2006, aerosols were sampled for 24-hour time periods using a 2-stage PFA (polyfluoralkoxy-copolymer) filter holder system, including a teflon and a nylon (Nylasorb) filter (all 1 µm pore size). The optical aerosol properties were measured by means of a three wavelength integrating nephelometer (TSI, type 3563). A condensation particle counter (CPC, TSI, type 3022A) provided data on particle number concentrations (condensation particles, CP) for particles above a diameter of 10 nm. Black carbon (BC)
concentrations were monitored by an aethalometer (Magee Scientific, type AE10). Aerosol measurements were further supported by an aerodynamic particle sizer (TSI, type APS 3321)
providing data on aerosol size distributions from 0.542 µm to 10.4 µm aerodynamic diameter (D p ). All experiments installed in the Air Chemistry Observatory were under daily control and daily performance protocols are available. A ventilated stainless steel inlet stack (total height about 8 m above the snow surface) with a 50% aerodynamic cut-off diameter around 7-10 µm at wind velocities between 4-10 m s -1 (determined with the APS 3321) supplied the experiments with ambient air.
The operation cycle of the nephelometer was set to 10 min average time and each hour a 10 min zero calibration with particle free air was automatically executed. The standard deviation of the zero calibration signal constituted the instrumental noise level. The detection limit was defined by a signal to noise ratio of two and ranged from 0.1 Mm -1 to 0.3 Mm -1 for the 10 min averages (1 Mm -1 = 10 -6 m -1 ). Each year in January and after serious instrumental failure, we calibrated the nephelometer with particle free air as low span gas and CO 2 as high span gas. (Table 4a therein, "no-cut" case for back scattering and Table 4b therein, "no cut" case for total scattering). The impact of truncation error increases with increasing particle size especially for forward scattering. According to detailed investigations by Anderson et al., [1996] , the uncertainty for σ sp (λ) and σ bsp (λ) caused by nephelometer nonidealities is around 10% for sub-micron particles, increasing considerably (up to 20-50%) for total scatter in case of super-micron (coarse mode) aerosol. The used corrections for total scattering took into account the Ångström exponents from the uncorrected scattering coefficients, which were a rough estimate for the size distribution of the aerosol. This enabled a more adequate truncation correction [Anderson and Ogren, 1998 ]. Values below the detection limit (39 out of 6516 values) were excluded and not con- Technical details about aerosol absorption measurements with an aethalometer can be found in Hansen et al. [1984] and Hansen and McMurry [1990] . Per se, the aethalometer measures (white) light absorption by aerosol sampled on a filter (in our case Pallflex, type T60A20).
We used the calibration factor recommended by the manufacturer to first calculate the BC et al., 1986; Bodhaine, 1995] . The accuracy of absorption measurements by this method largely depends on the specific BC absorption, which may vary by a factor of 2 [Liousse et al., 1993] , and instrumental problems concerning light scattering effects on the used filter material [Petzold and Schönlinner, 2004] . As a consequence, the aerosol absorption coefficients σ ap presented here may have a relatively wide error margin of around ±100%.
For details concerning aerosol filter handling and analyses see Piel et al. [2006] . 
Results and Discussion

General Characterization of the Aerosol During the Observation Period
Time series of the measured scattering coefficients σ sp (550), hemispheric back scattering ratios b(700) = σ bsp (700)/σ sp (700), scattering Ångström exponents å(450-700), and aerosol absorption σ ap (550) are presented in Figure 1 . Mass concentrations of nss-SO 4 2-and Na + , as well as particle number concentrations are shown in Figure 2 . Obviously all these parameters exhibited a more or less pronounced seasonality. Table 1 [Wagenbach et al., 1998; Minikin et al., 1998 ]. While sea salt aerosol constituted the main aerosol component all over the year, austral summer at Neumayer was characterized by a sharp maximum of biogenic sulfur aerosol (i.e. MS and nss-SO 4 2-) between December and February, associated with more than an order of magnitude higher particle number concentrations compared to mid-winter (May through August).
On the whole the hourly averaged σ sp (λ) and σ bsp (λ) coefficients and their variability are comparable to those measured at remote Arctic sites like Pallas [Aaltonen et al., 2006] and Barrow [Delene and Ogren, 2002] or the high-alpine site Jungfraujoch [Collaud Coen et al., 2007] , but nearly an order of magnitude higher compared to South Pole [Bergin et al., 1998 ]. The low scattering coefficients at South Pole are mainly caused by significantly lower aerosol mass concentrations, especially for sea salt particles [Arimoto et al., 2004; Harder et al., 2000] .
The annual mean BC mass concentration was 1.3±2 ng m -3 with a vague maximum around 2-3 ng m -3 between September and November. Both, annual mean and seasonality of the atmospheric BC burden were comparable with analogous measurements performed at the Halley 5 station on the Brunt Ice Shelf [Wolff and Cachier, 1998 ]. The mean single scattering albedo, ω = σ sp /(σ sp +σ ap ) of the aerosol was derived from σ ap and σ sp measurements (daily means in each case) at 550 nm. During the whole measuring period, >95% of the ω (550) values ranged between 1.00 and 0.97. Even considering the high error margin of σ ap , (conservatively estimated to be ±100%), ω(550) values were never below 0.94 under clean air conditions, i.e. if no impact of local contamination indicated by enhanced CP number concentrations occurred.
Seasonality of Aerosol Optical Properties
Concerning optical properties, amplitudes and timing of the seasonal cycles were less distinct compared to nss-SO 4 2-and CP. For b(700) a seasonality was virtually absent during 2004, while for b(450) as well as for b(550) no seasonal cycle was discernible throughout (not shown). Aerosol optical properties discussed here are primarily defined by complex refraction index, shape, and size distribution of the particle ensemble and not by its chemical composition. Nevertheless, these physical parameters of a particle are inherently linked with its chemical composition. We can assume that sulfate aerosol should be within the sub-micron size range, while sea salt particles are representative for the super-micron range, albeit with a considerable fraction in the accumulation mode [Murphy et al., 1998 ]. According to Mie The back scattering ratios for 450 nm listed in Table 1 exceeded those of the longer wavelengths, which appeared inconsistent because for spherical particles, back scattering ratios should essentially decrease with increasing D p /λ ratio due to more pronounced forward scattering. We believe that this discrepancy and the lack of a seasonality for b(450) and b (550) were artefacts largely caused by the vastly differing truncation correction factors for total scatter (but not for backscatter) at these wavelengths for sub-micron and super-micron aerosol [Anderson and Ogren, 1998 ]. In our case, truncation corrections seemed to underestimate total scatter, especially during winter. The applicability of the mentioned correction factors is restricted to spherical particles and refers to a lognormal size distribution with a geometric std of 1.8 [Anderson and Ogren, 1998 ]. Hence, especially during winter when the dominance of sea salt aerosol caused a shift in the size distribution to higher D p , overall correction factors are not adequate. In addition sea salt particles should be non-spherical inside the nephelometer due to low RH. In this case, a separate determination of the back scattering ratio for sub-micron and super-micron particles would be reasonable [Anderson and Ogren, 1998 ], which was not possible with our experimental set-up. 
Aerosol properties during R sulfate > 0.75
Scattering Efficiency of Biogenic Sulfate Aerosol (BSA)
Due to the fact that we have to suppose BSA being an internal mixture of H 2 SO 4 -MSA-H 2 O (with a minor NH 3 contingent) at Neumayer, an apportionment of light extinction to the individual components is not legitimated. For internal aerosol mixtures specific scattering efficiencies are not additive but dependent on the particular contingent of each component in the mixture which is usually impossible to disentangle [White, 1986] . Nevertheless we referred to nss-SO 4 2-as a indicator ion for biogenic sulfate aerosol. In order to derive the sulfate scattering efficiency we correlated the total scattering coefficients σ sp (λ) and backscattering coeffi- found in the MBL of the Pacific and Indian Ocean [Quinn et al., 1996 [Quinn et al., , 1998 [Quinn et al., , 2002 [Quinn et al., , and 2004 .
The latter authors determined backscattering efficiency α bs sulfate (550) to be between 0.40 and 0.48 m 2 g -1 which are roughly a factor of two lower compared to our result (Table 4 ). In these previous investigations sulfate was most commonly a minor constituent of the total submicron aerosol mass concentration and the results applied to higher RH between 20% and 45% inside the instrument and thus higher water content of the aerosol in the measuring vol- In the following we will compare the importance of biogenic sulfate aerosol in terms of radiative forcing with sea salt aerosol at Neumayer. From Figure 3 it is obvious that the total aerosol budget at Neumayer is dominated by sea salt particles. Especially during winter, sea salt aerosol constituted typically about 90% of the total aerosol mass. Here, low Ångström exponents and high aerosol mass concentration at low particle number densities (Figures 1   and 2 ) indicated the presence of super-micron sea salt particles. Due to the fact that we could not differentiate between sub-and super-micron mode of the aerosol in our measurements, a corresponding correlation of the scattering coefficients versus c(sea salt) resulted in a poor regression (r 2 < 0.25) even when more than 90% of the aerosol mass consisted of sea salt particles. Notwithstanding, from the individual σ s (550)/c(sea salt) ratios under the condition that c(sea salt)/c(ions) was > 0.9 (n = 178 data points) we calculated an overall mean scattering efficiency for sea salt particles of α [1996] determined for high latitude Pacific regions α s ss (550) = 5.5±0.22 m 2 g -1 for sub-micron and 0.68±0.08 m 2 g -1 for super-micron sea salt aerosol, respectively. Overall, the scattering efficiency for sea salt aerosol appeared roughly a factor of 1.7 lower compared to biogenic sulfate aerosol. Nevertheless, except the period from December through January, scattering of solar radiation at Neumayer was dominated by sea salt particles. In continental Antarctica, on the other hand, the role of biogenic sulfate aerosol in terms of light scattering seems to be much more pronounced. Recent year-round aerosol measurements at Kohnen Station (75°S, 0°E) [Weller and Wagenbach, 2007] revealed an order of magnitude lower sea salt aerosol load accompanied by roughly comparable nss-SO 4 2-mass concentrations (Figure 7 ). Under these conditions, scattering of clear-sky solar radiation in the lower atmosphere can primarily be ascribed to biogenic sulfate aerosols. 
Conclusion
Aerosol optical properties at Neumayer are largely characterized by sea salt and biogenic sulfate particles, the latter showing a distinct seasonality with a strong summer maximum which may be succinctly termed as biogenic haze (although the term haze is exaggerated considering that σ sp never exceeded 10 Mm -1 in such cases). In particular from December through January, optical properties of boundary layer aerosol were most frequently determined by sulfate aerosol, while for the rest of the year the impact of sea salt aerosol dominated. There is a large variability in sulfate and sea salt scattering efficiencies measured so far in the remote marine troposphere, caused by the natural variability in aerosol properties.
Accordingly, an unique (i.e. global) sulfate mass scattering efficiency can not be expected.
Nevertheless the presented scattering efficiencies should be especially reliable for the marine atmosphere at high southern latitudes, where the budget of sulfate aerosol is dominated by biogenic sources with a relatively high amount of MS. The obtained high mass scattering efficiencies and back scattering ratios for biogenic sulfate aerosol in combination with high summertime mass concentrations (when incident solar radiation is maximal) emphasize the significance of dimethyl sulfide (DMS) derived aerosol on the tropospheric radiative balance over the Southern Ocean which has recently been demonstrated by remote sensing data [Gabric et al., 2005; Meskhidze and Nenes, 2006] . For the Pacific from 55°N to 70°S, however, sea salt seems to dominate the aerosol mass in the marine boundary layer, even in the submicron size range and should be the main contributor to light scattering by aerosol [Quinn and Coffman, 1999] .
While over the ice free Southern Ocean a net cooling effect of the aerosol layer can be expected due to low surface albedo [e.g. Hatzianastassiou et al., 2004] , the situation is more surface at Neumayer showed a broad maximum of 0.98 at wavelengths between 420 nm and 500 nm , suggesting here a delicate dependence of the radiative balance on the single scattering albedo ω. Clearly, assessing the impact of the aerosol considered here on clear-sky radiative balance for ice covered Antarctica needs comprehensive model calculations. In addition, due to the lack of corresponding data, our results refer to surface observations primarily representative for the stable boundary layer. They discount the vertical structure of the aerosol layer and the changing physico-chemical properties of particles with altitude, emphasizing the need for corresponding field measurements.
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